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Abstrat
We onsider the Autler-Townes eet when a strong oupling eld is ap-
plied in the hyperne manifold of an alkali atom. Expliit solution is obtained
in the ase of the D1-line. We show how the hyperne interation modies the
dressing eets assoiated with the strong eld as well as the sample susep-
tibility with respet to the probe mode. Partiularly, if the strong eld is far
detuned from the atomi resonane line the Autler-Townes struture diers
signiantly from the predition of the Λ-type approximation. We also nd
that tuning the strong eld in between the upper state hyperne omponents
enhanes the Autler-Townes eet. The results are disussed in the ontext of
quantum memory protools based on the stimulated Raman proess or EIT
eet.
(ÓÄÊ 535.14, PACS 03.67.Mn, 34.50.Rk, 34.80.Qb, 42.50.Ct)
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1 Introdution
A lot of optial phenomena important for the high resolution nonlinear spetrosopy
appears as a result of an interation of several light elds resonant to the oupled
transitions in the media [1, 2℄. In the resent years the interest to this problem in-
reased due to the development of the quantum memory systems for light. Quantum
state of the eld is onsidered bo be an information arrier [3℄-[15℄. Three meh-
anisms have been studied reently and applied in a pratie for the memory: the
photon eho eet, the Eletromagnetially Indued Transpareny (EIT) and the
stimulated Raman proess. All these three mehanisms are based on an appliation
of the Λ-type interation with a strong ontrol eld in one arm and a weak probe
eld in the other arm. The aurate desription of this interation requires a alu-
lation of the interation line of the atomi system with respet to the probe mode
whih in modied by the presene of the strong eld. This problem was onsidered
in [1℄ for a two level system dressed by an interation with the ontrol mode probed
by the eld on the oupled transition. Authors alled it "Stark eet in rapid vary-
ing elds". Today this proess is known as the Autler-Townes eet. In our work
we show the alulation of the Autler-Townes resonane line shape in the hyperne
struture of the D1-line of an alkali atom. It presents an interest for the development
of the pratial reommendations for the quantum memory system in an optially
dense atomi system.
2 The sample suseptibility
The level struture of an alkali atom (here
133
Cs) is shown in the gure 1. Strong
monohromati eld with the frequeny ω lose to the D1-transition and a weak
probe pulse on the oupled transition are presented in the same gure. We assume
that only the Zeeman sublevel with the full angular momentum F = 4 and its
projetion M = 4 is populated to begine with and we all this state |m〉. The
interation of the ontrol mode in the right irular polarization (σ+) with the
populated sublevel is exluded ompletely due to the seletion of the D1-line. The
strong eld interats with an empty Zeeman sublevel F = 4,M = 2 (|m′〉 state)
in the ground state and with two Zeeman sublevels F ′ = 3,M ′ = 3 (|n〉 state) and
F ′ = 4,M ′ = 3 (|n′〉 state) in the exited state.
The presene of the strong mode inuenes essentially an atomi energy stru-
ture. It results in the atomi levels shifts and a distortion of an absorption spetrum
in the viinity of the states |n〉 and |n′〉 whih is represented in gure 1 by a dotted
line. Also an additional resonane appears in the viinity of the ontrol eld fre-
queny. If the strong mode is tuned on resonane with any of the atomi transitions
we observe the splitting of the resonane into two quasi-energy sublevels whih are
similar in shape. The existene of suh a resonane struture an be observed by
probing the system "atom + ontrol eld" with the eld in a left irular polariza-
tion (σ−). This sheme orresponds to the standard method of the Autler-Townes
resonane struture observation [1, 2℄ as was mentioned before.
We an separate slowly varying amplitude in a positive frequeny omponent of
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the probe eld
E
(+)
Left(r, t) = ǫ(r⊥, z; t)e
−iω¯t+ik¯z
(1)
it assumes the propagation of the quasi-monohromati wave with a arrier frequeny
ω¯ and a wave number k¯ = ω¯/c in z diretion negleting a diration divergene in
the transverse plane haraterized by the oordinate r⊥. For the Fourier omponent
ǫ(r⊥, z; Ω) =
∫
∞
−∞
dteiΩtǫ(r⊥, z; t) (2)
we an desribe the probe eld propagation in the sample by the following Maxwell
equation [
−i
Ω
c
+
∂
∂z
]
ǫ(r⊥, z; Ω)=2πi
ω¯
c
χ˜(r⊥, z; Ω)ǫ(r⊥, z; Ω) (3)
Here we introdue the slow varying suseptibility whih has the following form in
the time domail
χ˜(r⊥, z; t− t
′) = eiω¯(t−t
′)χ(r⊥, z; t− t
′) (4)
χ(r⊥, z; t − t
′) - it is the standard eletrodynami suseptibility whih desribes
the sample polarization response to the external probe eld (1). If the sample is
probed with the monohromati eld we should onsider a spetral dependene of
this eletrodynami harateristi of the sample at a frequeny ω¯ or a detuning ∆¯:
χ = χ(. . . ; ω¯) = χ(. . . ; ∆¯). This value oinide with the value of χ˜(. . . ; Ω) at Ω = 0.
The sample suseptibility an be represented as a following expansion
χ˜(r⊥, z; Ω) = −
∑
n1=n,n′
∑
n2=n,n′
1
h¯
(de)∗n1m (de)n2m
∫
d3p
(2πh¯)3
n0(r⊥, z)f0(p)
×G(−−)n1n2 (p⊥, pz + h¯k¯; h¯(ω¯ + Ω) +
p2
2m
) (5)
Here we use the matrix elements of an atomi dipole moment operator d projeted
to the probe pulse polarization unit vetor e; the atom number distribution in spae
is desribed by the loal onentration n0(r⊥, z). The distribution of the atoms in
momentum spae is desribed by the funtion f0(p) whih is normalized aording
to the following ondition ∫
d3p
(2πh¯)3
f0(p) = 1 (6)
The main harateristi whih denes the sample suseptibility (5) is the retarded
Green funtion of an exited atomi state G
(−−)
n1n2 (p, E). This funtions orrespond to
all possible indexes ombinations of n1 = n, n
′
and n2 = n, n
′
and they are presented
in the Fourier domain. The energy value E = h¯(ω¯+Ω)+p2/2m0 orresponds to the
initial state energy of system "atom + probe eld" were the energy of a ground state
|m〉 is taken to be zero. The exited atom momentum is shifted with respet to its
momentum in the ground state by the probe mode photon momentum p′z = pz+ h¯k¯.
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We present the Green funtions alulated with the use of the diagram tehnique
[14℄ for a level struture represented in gure 1
G(−−)nn (p, E) = h¯

E − p
2
2m0
− En + ih¯
γ
2
−
|Vnm′|
2
[
E − p
2
2m
−En′ + ih¯
γ
2
]
[E − En′+(p, ω)] [E − En′−(p, ω)]


−1
G
(−−)
n′n (p, E) =
Vn′m′V
∗
nm′
[E − En′+(p, ω)] [E −En′−(p, ω)]
×G(−−)nn (p, E)
. . . (7)
The two other funtions an be derived by the indexes transposition n ⇔ n′. We
introdued the following notations: Vnm′ = (dE)nm′ and Vn′m′ = (dE)n′m′ are the
matrix elements of the interation Hamiltonian with respet to the ontrol mode; E
 omplex amplitude of the positive frequeny omponent E(+)(r, t) = E exp(−iωt+
ikr); En, En′  unperturbed energies of the atomi exited sublevels; γ  the natural
deay rate of an atomi exited state. Quasi-energies En(n′)+, En(n′)− from the energy
denominators of the equation (7) orrespond to a "dressing" of the exited hyperne
states independently by the interation with the ontrol eld and the vauum modes.
They are the following
En±(p, ω) = Em′ +
p2
2m0
+
h¯
2
[
ω −
kp
m0
+ ωnm′ − i
γ
2
]
±
[
|Vnm′|
2 +
h¯2
4
(
ωnm′ − ω +
kp
m0
− i
γ
2
)2]1/2
(8)
and similar for n′. To nd them we ignore the inuene of the hyperne interation,
and treat eah level (|n〉 or |n′〉) as if it would be alone and form a pure Λ-system
with the ground state sublevels |m〉 and |m′〉. Here Em′ and Em are the unperturbed
ground state energies whih an be taken as a referene point Em′ = Em = 0. The
true position of the resonane poles are given by sample suseptibility (5) whih
inludes the ontributions from all the Green funtion.
3 Disussions and results
We perform some alulations of the suseptibility χ = χ(∆¯) = χ′(∆¯) + iχ′′(∆¯)
for a homogeneous medium. This results are presented in the units of an optial
density n0(λ/2π)
3
(n0 - an atomi onentration, λ - a arrier wavelength of light)
for the dierent ratio between the ontrol eld and a probe eld detunings ∆ and
∆¯ (see gure 1). We suppose that atoms are plaed in a magneto-opti trap at the
standard onditions (the temperature is lower than the Doppler limit but higher than
the reoil limit). This onditions allow to neglet an eet of an atomi motion. It is
important to note that the matrix elements Vnm′ and Vn′m′ are no longer independent
parameters but stritly related by the rules of the eletroni and the nulear angular
momentums summation while onsidering the hyperne interation in the exited
atomi state. To desribe a oupling with the ontrol eld we introdue the Rabi
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frequeny dened by a matrix element whih onnets the ontrol mode with the low
hyperne sublevel of the exited state Ωc = 2|Vnm′|/h¯. We perform the omparative
analysis of our results with the predition of a Λ - sheme model whih is negleting
the hyperne interation. The Λ - sheme assumes the existene of only one exited
sublevel (|n〉 = |F ′ = 3,M ′ = 3〉 state) in the D1-line of
133
Cs atom.
In gures 2-4 we show an imaginary ("absorption") and a real (dispersion) parts
of a sample suseptibility for a similar Rabi frequeny Ωc = 15γ and for the dierent
ontrol mode detunings ∆. There is no real absorption in our ase but losses in the
forward hannel due to the inoherent sattering to a solid angel are represented
by the imaginary suseptibility omponent. Figure 2 orresponds to a resonant
interation of the ontrol eld with an atomi transition |m′〉 → |n〉. We show
all the omponents of the Autler-Townes triplet in omparison with the three-level
model whih ignores the state |n′〉. The dierene may look insigniant but in the
insert one an see that the hyperne interation results to an important qualitative
eet. We an see that the ideal onditions for the EIT disappear and the minimum
point of the absorption is shifted from the two-photon resonane. The light shift
is omparable with natural width of an atomi exited state γ and this eet was
observed in one of the rst slow-light experiment in the optially dense atomi
system [16℄. In the given example the dependene of the Λ-sheme approah from
our model is not so important for the desription of the probe pulse delay. Though
to use an EIT eet for the quantum memory protool it is more suessful to have
Ωc < γ [14℄ when the Λ-sheme approah also remans.
In gure 3 we show the "absorption" and dispersion of the sample suseptibility
for the ontrol mode detuning ∆ = −50γ as a funtion of the probe mode detuning
in the viinity of it ∆¯ ∼ −50γ. The result of our alulation using the Λ-sheme
approah with one exited level |n〉 are shown for the omparison. The essential
distintion we observ for the aurate and the approximate alulation is due to the
prinipal role of the hyperne interation for the probing of the sample with two
orthogonally polarized elds. If the hyperne interation dose not take plae or it
is negligibly small the system would orrespond to the atomi transition between
the ground state with the anglular momentum j0 = 1/2 and the exited state with
the anglular momentum j = 1/2 [17℄. The alignment eet (Λ - oupling of Zeeman
ground states with ∆M = ±2) would not be possible. One an see that the hight of
the Autler-Townes resonane in the viinity of the ontrol mode frequeny dereases
with the inrease of the detuning ∆ to the wing of the D1-line. The alulation for
the Λ - sheme gives a onstant hight of the resonane for the dierent detunings ∆
while the resonane width is hanging.
The situation is hanging if the ontrol eld frequeny is tuned in between the
hyperne omponents of the exited state as it is shown in a gure 4 for ∆ = +50γ.
In this ase we an observe an ampliation of the eet in omparison with the
predition of Λ-approah. It is even stronger in the dispersion omponent of the
suseptibility whih is more sensitive to the inuene of the interferene between
the hyperne sublevels, see (5) and (7). Using suh a ondition in the optial dense
atomi system an lead to a bigger probe pulse delay.This an be used to inrease
the eieny of the quantum memory based on a Raman-type storage [3, 13, 14, 15℄.
On the gure 5 we demonstrate the delay of a probe pulse whih arrier fre-
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queny is varied in the viinity of the Autler-Townes resonane. This resonane
orresponds to the ontrol eld detuning ∆ = +50γ and positioned near the ontrol
eld frequeny. We made our alulation for the homogeneous sample of the length
L and the ooperative parameter n0(λ/2π)
2L = 25 whih is given by the optial
depth and is useful to disuss the ooperative eets in one-dimensional systems. It
is fully ahievable for the experimental onditions in ase of an atomi ensemble in
a magneto-optial trap with the temperature whih is lower than the Doppler limit.
One an see that the eet of pulse delay whih an be used in order to store the
probe light. Storage and retrieval an be done with an eieny lose to 40% in the
system with the transmission oeient lose to 90%. The retrieval eieny ould
be inreased by reading with the reversed in spae ontrol eld whih was onsidered
in detail in [15℄.
The materials of this work were reported on the International Conferene on
Quantum Optis (ICQO'2008) whih was organized by the Belarus Siene Aademy
and Lithuania Siene Aademy. This onferene was in Vilnius in September 2008.
This work was done with the nanial support of INTAS (projet 7904) and RFBR-
NSF (projet 08-02-91355) founds. O.S.M. and A.S.S. thank to the haritable
found "Dynasty" for the nanial support.
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Figure 1: Energy diagram and the exite sheme for the D1-line of
133
Cs atom.
We onsider all the atoms to be on the Zeeman sublevel of the upper hyperne
ground state whih is haraterized by the maximum projetion of the total angular
momentum. The system is exited by a strong ontrol eld in the right polarization
(σ+) with the detuning ∆ and it is probed by a weak eld in the left polarization
(σ−). By sanning the detuning of the probe eld ∆¯ modied resonane struture
of an atom "dressed" by the interation with the ontrol mode is observed whih is
alled the Autler-Townes eet. The position of the quasi-energy states is shown by
the gray dotted lines.
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Figure 2: Absorption (top) and a dispersion(bottom) omponents of the sample
suseptibility in the ase of the resonant exitation ∆ = 0 and Rabi frequeny Ωc =
15γ. The solid urve orrespond to the presene of the hyperne interation and
the dotted urve to the Λ-approah. The gray line orrespond to the suseptibility
prole in the absene of the ontrol eld. In the insert we show that the EIT
resonane is shifted to the red wing and the transpareny is no longer perfet due
to the presene of the seond hyperne sublevel.
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Figure 3: The same as in gure 2 for the detuning of the ontrol mode ∆ = −50γ
and Rabi frequeny Ωc = 15γ. The Autler-Towne's resonane struture is shown in
the viinity of ∆¯ ∼ ∆. The struture of the other triplet omponents is lose to the
prole of the unperturbed atomi resonane.
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Figure 4: The same as in gures 2 and 3 for the detuning of the ontrol mode
∆ = +50γ and Rabi frequeny Ωc = 15γ. The Autler-Towne's resonane struture
is shown in the viinity ∆¯ ∼ ∆. The struture of other triplet omponents is losed
to the prole of the unperturbed atomi resonane.
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Figure 5: The dynamis of the probe pulse withe the Gaussian prole passing an
optialy dense atomi sample with the ooperative parameter n0(λ/2π)
2L = 25.
This plots orrespond to the detuning of the ontrol mode ∆ = +50γ and Rabi
frequeny Ωc = 15γ. The input prole is shown by the gray urve and the output
pulse prole is hanging with respet to the detuning of its arrier frequeny. In the
insert we show the position of the probe pulse spetrum relatively to the Autler-
Townes resonane. When the probe pulse is further detuned from the Autler-Towne's
resonane the propagation oeient is getting lose to 90% and aproximatly 40%
eieny is ahievable for the memory protool.
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